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Vibrational behaviour of ﬂuid power systems is a very important aspect regarding lifetime of the components and
especially noise problems within hydraulic circuits. Vibration emitting and noise generating elements of primary evi-
dence especially in hydraulic systems are pumps. In completed hydraulic circuits it is often seen that even vibration
and noise-optimised pumps show noise problems due to the inter-activeness of all system components built in.
Noise problems can be investigated with several vibration and noise measurement methods, which are mostly based
on the analysis of the noise relevant frequency spectre of the vibration emitting source and the evaluation of frequencies
which are of maximum inﬂuence. A precise analysis of the phenomena gives the basis to eliminate one or more of the
dominant noise frequencies with the help of hydraulic silencers.
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Hydraulic systems are very often used where big forces and moments are transmitted in relationship to
high dynamic movements. If designed and maintained properly hydraulic systems provide high reliability,
comparably low costs, high power density of the components and compact sizes. As disadvantages of
hydraulic systems sometimes eﬃciency losses and environmental problems due to leakage and noise are
mentioned (Backe´ and Murrenhoﬀ, 1994).0020-7683/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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5822 H. Ortwig / International Journal of Solids and Structures 42 (2005) 5821–5830Eﬃciency problems were solved to a certain extent throughout the last years by developing special circuit
designs regarding energy optimising. Leakage problems are solved more and more by developing improved
connecting and seal technology as well as applicating environmental hydraulic ﬂuids in critical areas like
construction machinery etc.
Critical are noise problems due to the vibration behaviour because of increasing power density of the
components. Special solutions in this area will be more and more required in the future.2. Possible solutions for vibration and noise problems
In hydraulic systems noise is transmitted by the ﬂuid, the solid structures and the air (Fig. 1) and is emit-
ted to the environment by the surfaces of the components (Jarchow, 1997). A relevant reason for noise
emission of hydraulic pumps can be found in their way of ﬂow and pressure generation which is mostly
not continuous but pulsating. Fig. 2 gives an impression of the interactions of vibrations and noise, the
noise sources and measures of noise reductions in ﬂuid power systems.
Reducing pump pulsation to eliminate vibration and noise emission primarily is a main task of pump
designers. Modiﬁcation of valve plate design in axial piston pumps or optimisation of ﬂow geometries with-
in pumps are not the only means to meet this purpose (Jarchow, 1997; Grahl, 1989). In complete hydraulic
systems on the other hand secondary methods are used like manipulating component structures or noise
covering of subsystems ore entire systems to reduce the noise impact on the environment.
Another method which can be used to eliminate the emission of vibrations being created by pump pul-
sations is the application of hydraulic silencers. They can be used especially where noise problems occur, i.e.
for example in areas where the pulsation indicates vibrations within the structures of the hydraulic system
components. It is of advantage that this technology can be used regarding the entire system structure
whereas pump modiﬁcations do not always meet all vibrational interactions of the hydraulic system. Fluid
power attenuators are divided in two diﬀerent types regarding their function:
1. Absorption type of silencer, i.e. accumulator.
2. Reﬂection type of silencer, i.e. expansion chamber attenuator (ECA).
These particular types of attenuators are introduced here because they easily can be derived from stan-
dard accumulator technology. Several other types of silencers have been described throughout the decades,Fig. 1. Noise occurring in hydraulic circuits.
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Fig. 2. Noise sources and measures of noise reduction.
H. Ortwig / International Journal of Solids and Structures 42 (2005) 5821–5830 5823a special type of attenuator mentioned for example in Larsson (1987) is the Helmholtz-resonator. This
attenuator has the advantage that it can be easily tuned for a certain frequency for which the pressure ripple
can be almost totally attenuated. The attenuation outside this very small frequency range is, however, very
poor, and for some frequencies it may even cause an ampliﬁcation. Fig. 3 shows the principle design of the
absorber silencer and Fig. 4 of the expansion chamber attenuator. They are working with diﬀerent physical
principles, the ﬁgures also shows the damping characteristic for both of the attenuator types.
The absorber type of silencer basically is a hydraulic accumulator which absorbs the noise energy in its
gas ﬁlling. Compression and expansion of the gas transforms the noise energy into heat. The damping char-
acteristic is very well in the area of low frequencies (about 50–300 Hz). The relative pressure pulsation can
be reduced up to about a factor of 1000, respective 60 dB. On the other hand the usable frequency width of
this type of silencer is rather low in comparison to silencers of the reﬂection type. At higher frequencies the
reason can be found within the inertia of the membrane and the gas. The mass particles can no longer
follow the initiating frequency. The velocity change which is necessary for the damping is getting an increas-
ing time delay and a reducing amplitude. At low frequencies the pulsation time is too long for eﬀective
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5824 H. Ortwig / International Journal of Solids and Structures 42 (2005) 5821–5830damping. System behaviour at low frequencies can be improved by using a bigger gas volume but then the
damping characteristic is inﬂuenced negatively at high frequencies. It is quite clear that a silencer of the
absorber type must be designed very properly to the critical operation point of the hydraulic system it is
used in. When the operation parameters of the hydraulic system are changing a lot, which in common tech-
nology is very usual, the eﬀectivity of the silencer is reduced. Eﬀorts are made to improve this type of
silencer. Another aspect regarding absorber silencers is the wear of moving parts and leakage problems
of the gas ﬁlling. In that point of view this type of silencer cannot be looked at as maintenance free.
A reﬂection type of silencer can be seen as part of the pressurised hydraulic connectors used in the
hydraulic system locally having a bigger diameter so that an expansion chamber is formed. When the cross
sectional area of passage within such a silencer rises the hydraulic ﬂuid suddenly increases its volume. Pres-
sure waves are reﬂected at the opposite end of the silencer, return, are reﬂected again and so on. Function
principle of this type of attenuator now is the eliminating superposition of pressure waves by interference.
Dependant on his design this type of silencer has an improved frequency range of his damping character-
istic in comparison to the absorber type. Furthermore of interest is the aspect that a reﬂection type of
silencer due to his wider frequency range can be used to eliminate the relatively high pulsation frequencies
which are emitted by piston pumps.3. Test rig
For investigation of vibrations in ﬂuid power systems and the development of diﬀerent types of hydraulic
silencers a special test rig recently was designed and built up at Trier University of Applied Sciences. The
hydraulic scheme of the test rig is shown in Fig. 5.
Pressure source is a 9 piston swash plate type variable axial piston pump A10VSO 71 ccm from BOSCH
REXROTH. A 90 kW frequency converter allows drive speed variation of the induction motor within a
Fig. 5. Silencer test rig hydraulic circuit.
H. Ortwig / International Journal of Solids and Structures 42 (2005) 5821–5830 5825range from 700 to 2700/min. In this way the excitation frequency of the pressure pulsation emitted by the
pump can be modulated from 105 to 405 Hz. Hydraulic loading device is a pressure relief valve. A coriolis
mass ﬂow meter is used for non-contact ﬂow measurement purpose.
The measuring section consists of four pressure transducers and a self-designed anechoic (reﬂection less)
terminal element, AT, shown on the right in Fig. 6. Three of the pressure transducers (sensors 1–3) are of
the high dynamic piezo-electrical type and are used to measure the pressure pulsation with high resolution.
Sensor 1 is placed directly behind the pump in front of the investigated silencer, sensor 2 is placed right
behind the silencer and sensor 3 follows in a certain distance just before the entrance to the anechoic ter-
mination. With sensors 1 and 2 the pressure ripple damping characteristic of the examined silencer is inves-
tigated. The parameter that is derived from the measurements is the proportion of incoming to passing
pressure ripple regarding the silencer, the attenuation:Fig. 6. Measuring section of the test rig.
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½dB ð1ÞThe sensors 2 and 3 serve the purpose to achieve non-reﬂective behaviour of the hydraulic line behind the
silencer. Non-reﬂection within the hydraulic line following the silencer is necessary to get an uninﬂuenced
impression of the damping characteristic of the attenuator. To reach non-reﬂection, an anechoic termina-
tion element is used. An anechoic (reﬂection less) termination, AT, like described in Haarhaus (1984), is a
restrictor valve connected to a volume which in turn is connected to a restrictor valve. If the impedance of
the ﬁrst restrictor is purely resistive and if it is tuned to the characteristic impedance of the line upstream the
AT, no standing waves will be present in the line. A properly designed AT would meet these requirements.
In the AT designed at Trier University of Applied Sciences the restrictors are adjustable so that diﬀerent
requirements can be met by a single device. Fig. 7 shows signals of the pressure transducers 1–3 in case
of non-reﬂection. The signals of sensors 2 and 3, which are used when the system is adjusted to non-
reﬂection behaviour are nearly identical except the time delay due to their local distance within the line.
The signal of sensor 1 is not relevant regarding this aspect but gets important when the silencer character-
istic is investigated.
The measuring section is completed by a high precision absolute pressure transducer of the piezo-
resistive type (sensor 4) which is used to monitor the systems operational pressure. The absolute pressure
transducer, installed right in front of the anechoic termination, also includes a temperature indicator. As a
ﬁrst result of the attenuator measurements it could be stated that the operational pressure of the hydraulic
system is of secondary importance regarding the silencer performance. The most important parameter
to be varied during the experiments proved to be the pump speed, i.e. excitation frequency of pressure
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Fig. 7. State of none-reﬂection within the hydraulic line (sensors 2–3).
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To get an impression of the systems vibrational behaviour and a silencers quality the pressure signals of
sensors 1 and 2 are measured. The whole range of excitation frequencies is put on the system during this
process by variation of pump speed. Looking at the diﬀerent scaling of pressure signals 1 and 2, Fig. 7 also
shows reduction of pressure ripples within the hydraulic line between sensors 1 and 2 which is an eﬀect of
the attenuator.
The pressure signals are transmitted to a fast fourier transformation (FFT), where their frequency spec-
tres are derived from. Fig. 8 shows the frequency spectres of sensors 1 and 2 pressure signals according to
an exemplary point of operation of the hydraulic system. It is very evident how the pulsation is reduced by
the attenuator. With the help of Eq. (1) the attenuation of the silencer is calculated regarding the ﬁrst nine
harmonics using the pressure signal spectres of sensors 1 and 2 (Fig. 9). It did not prove to be useful to
include more harmonics because the higher harmonics do not have remarkable inﬂuence and their evalu-
ation with FFT is not of suﬃcient quality. This procedure is carried out for a pump speed variation from
1000 to 2700/min, i.e. a excitation frequency range for the pressure ripple of 150–400 Hz. The calculations
are repeated automatically thousands of times until the results can be intermediated up to the point that a
proper attenuation curve of the investigated silencer is occurring. The experimentally evaluated attenuation
curve now allows a direct comparison of the investigated silencer to any other kind of attenuation and is a
clear and simple indicator of its performance throughout the entire frequency spectre, which is the advan-
tage of this method. Measuring, signal processing, FFT, intermediation and spline interpolation are done
computer aided with a single software package.
The attenuation curves derived from the test rig can be compared also easily to theoretically evaluated
ones and in case the silencer calculations prove to be right, the results can be transferred to other silencer
geometries. The investigations carried out at Trier University of Applied Sciences up to this moment have
been done to investigate the correlation between the experimentally evaluated and the calculated attenua-
tion curve of a special type of hydraulic silencer (Fig. 10). The calculation of this silencer was doneHarmonics of Pressure Signal ∆p1
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Fig. 10. Examined hydraulic silencer.
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Larsson (1987) and Hoﬀmann (1976). The attenuation is calculated with the following equation:
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½dB ð2Þ being the quotient of tube diameter to silencer diameter,
l the length of the expansion chamber,
a the velocity of wave propagation.
Fig. 11 shows a comparison of experimentally and analytically evaluated attenuation curves for the
investigated silencer. There are drops in the attenuation curve at about 1100 Hz and 2000 Hz. At those
points the relation between silencer length and wave length of the pressure ripple is that way that no
destructive interference is taking place.Fig. 11. Analytical and experimental attenuation curve.
5830 H. Ortwig / International Journal of Solids and Structures 42 (2005) 5821–5830These results show that there is a good correlation between the theoretical silencer model and the mea-
sured attenuation curve although the investigated silencer does not have exactly the idealised shape. So it is
justiﬁed to calculate the silencer with the equation given. The investigations now form the basis to design
diﬀerent types and shapes of silencers for special purposes whose performance can be proved with the help
of the experimental facilities (Ortwig et al., 1999).
On the other hand it is possible to investigate the performance of any particular type of silencer with the
developed test procedure for example regarding his position within the hydraulic circuit. Additionally, due
to the fact that the test rig was built to cover diﬀerent types of pumps, also the interactions of silencers and
pumps can be worked out.5. Conclusions
A test rig recently developed at Trier University of Applied Sciences gives the opportunity to investigate
diﬀerent types of ﬂuid power attenuators regarding their performance in reducing high frequency pressure
ripple. The attenuation curve of a silencer can directly be evaluated with the test facilities. First measure-
ments where carried out on an expansion chamber attenuator.
It could be shown that there is a good correlation between experimental data and the results of theoret-
ical calculations although the silencer didnt precisely meet the requirements of its analytic model. So the
practicability of the attenuator calculation model was veriﬁed. Based on these results more investigations
are carried out by this time including parametrizing and developing new types of attenuators (Ortwig,
2003). A ﬁrst practical application of the new developed attenuators is the improvement of injection mould-
ing machinery performance.References
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